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Abstract

Citrus fibers are a byproduct of the pectin extraction process from citrus peel. This by-
product can be converted into a functional ingredient through a shear-induced homogenization
process. One technical challenge with this material is that dehydration and subsequent rehydration
results in reduction of viscosity compared to the original product. In this study, various drying
methods were compared with never-dried fibers to investigate the structural changes underlying
the viscosity loss. Infrared and x-ray diffraction analyses confirmed no changes in chemical
composition and crystalline structure of citrus fibers. The dynamic light scattering and sum
frequency generation analyses of citrus fiber suspension showed that the rehydration process could

not fully disperse aggregated fiber, which appears to be the main cause for the viscosity loss.
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Introduction

Food, pharmaceutical, textile, and paper are among major industries utilizing plant cell
walls. During the processing of agricultural products, there can be a vast amount of plant-based
byproducts with low value. Finding solutions to turn these byproducts into desirable goods can
help industries to step toward a complete usage of raw materials. This study focuses on the
structure of spent citrus peel, the residual material after pectin extraction. Citrus peel can be
valorized into functional fibers by high shear processes, such as homogenization. Citrus fibers can
be used as functional ingredients in the food industry to improve viscosity, water binding,
emulsification amongst other properties.!™

The viscosity of fiber suspensions plays a crucial role in producing a food ingredient with
desirable texture and quality. Citrus fibers are first functionalized by high shear processing to
create a viscous suspension. The citrus fibers are mainly consisted of primary cell walls with less
than a micron in thickness, thus the high shear processing can break these walls into smaller
fragments and expose cellulose fibers. Then, fibers are dried for storage and distributed as a food
ingredient. In use, they are rehydrated and mixed with other food ingredients. Rehydration of dried
fibers typically results in a viscosity lower than the product before dehydration. This is thought to
be due to the structural changes in fibers during the dehydration process.>* In order to find ways
to improve the viscosity of rehydrated suspensions, the cause of viscosity loss during dehydration
should be better understood. Answering such questions requires a comprehensive understanding

of the chemical and physical properties of the citrus fibers before, during, and after drying.
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Scheme 1. The experimental procedure applied in this study to understand the impact of dehydration on

nano- and meso-scale structure ofcitrus fibers

In this study, the structural changes associated with viscosity loss in rehydrated citrus fibers
were investigated using an approach (Scheme 1) combining infrared (IR) spectroscopy, x-ray
diffraction (XRD), sum frequency generation (SFG) vibrational spectroscopy, and dynamic light
scatteming (DLS) which is demonstrated in Scheme 1. The pectin depleted citrus fiber used in this
study is an amalgamate of cellulose microfibrils, pectin, and hemicellulose. Cellulose content is
typically more than 50% of the dry mass. IR was used to monitor compositional changes in the
dried citrus fiber. XRD was used to check any differences in crystalline structure of cellulose in
fibers dried in different methods. DLS was used to analyze the particle size distribution of citrus
fibers in the hydrated state. SFG was used to investigate meso-scale structural features of cellulose
interspersed an amorphous matrix5'7. Cellulose is SFG-active because of its noncentrosymmetric
crystal structure. Other cell wall polymers, such as pectin and hemicellulose, form an amorphous
matrix in a hydrated state, which makes them SFG-inactives- 8. SFG is sensitive to the cellulose

crystal structure over a wide length scale,9 including cellulose polymorphism7, crystal
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orientationl(, bundling of crystalsll, distance between crystalsl2, and change in polar ordering of
crystalsi3, The information obtained from all characterization techniques in this study proved that
the change in viscosity due to drying originates from variation in mesoscale structure of cellulose

fibers.

Experimental Methods

Citrus Fiber Sample Preparation

Citrus peel fibers were prepared at a pilot scale by Cargill R&D. "Spent peels” (i.e. lemon
peel after acidic pectin extraction) (-12% dry substance) were diluted to 2.5% dry substance with
reverse-osmosis (RO) filtered water and sieved through 1.0 and 0.5 mm sieves. Composition of

lemon peel after acid extraction was prereviously reported) to be 28% pectin with 60% degree of
methylation. Monosaccharide composition (mmol/g dry matter) was 0.39 galacturonic acid, 0.015 fucose,
0.036 rhamnose, 0.089 arabinose, 0.196 galactose, 0.038 glucose, 0.111 xylose, 0.025 mannose.

Samples were bleached to remove natural pigments in the citrus peel that can generate non-
resonance interference in SFG analysis. The fiber was dispersed by homogenization with an Ultra-
turrax mixer for 10 min at 8000 rpm. The fiber was precipitated with isopropanol (IPA), and an
aliquot was collected as the “never-dried” (ND) sample. Fiber samples (200 g each) were
dehydrated by either air drying (AD) at room temp (21 °C) for 72 hours, by vacuum drying (VD) at
60 °C and 250 mbar, or by using a STREA-1 fluidized bed dryer (FED) from GEA (Kirchberg,
Switzerland) with inlet air at 60°C and a representative sample for each drying technique was used
for this study. Pellets were made from dried fibers using a hand-press pellet maker for ATR-IR,

XRD, and SFG analysis.
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Viscosity of rehydrated citrus peel fiber suspension

For dried fibers (>90% d.s., including AD, VD, FBD), 2wt.% solutions were made by
mixing 0.5 g of citrus fibers with 24.5 g of either DI water or D20. For ND, which was partially
hydrated (15% d.s.), the ratio of ND to water or D20 (99.9%) was 3 g of ND to 22 g of DI water
or D20 to make 2% d.s. suspensions. Hydration by D20 instead of H2O was required for SFG
measurements of fibers in the hydrated state because H>O attenuates IR in the OH stretch vibration
region of cellulose. Each sample was hydrated by magnetic stirring overnight.

The wviscosities of the hydrated samples were measured using an RM180 rotational
viscometer with a cylindrical measurement system. Measuring bob 1 (30 mm diameter) and tube
1 (32.54 mm) were used for every sample except ND. For the ND, due to its high viscosity,
1

measuring bob 3 (14 mm) and tube 3 (15.18 mm) were used. The shear rates ranged from 10s~

to 100s 1 with steps every 10 s™! at about 21.5°C.

Analysis of citrus peel fibers

FT-IR was measured using attenuated total reflectance infrared spectrometry (ATR-IR).
For ATR-IR citrus fibers were made into pellets. All ATR measurements were done using a Bruker
Vertex 70 spectrometer, at 5 cm™ resolution and 2.6 cm/s optical velocity. XRD  measurements
were done using a Xeuss 2.0 x-ray diffractometer with Cu tube (A=1.5405A). The experiment were
done in transmission mode, the scattering angle from 5° to 42° was measured at the step size of
0.05° with 5-sec exposure at each step.

A broadband SFG system equipped with an 85 fs Ti-Sapphire amplifier system with a
2KHz repetition rate was used in this study. Laser system produces 800 nm and broadband IR

pulses. The SFG experiments were done in two geometries: reflection, and transmission. The
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reflection geometry was used for analyzing fibers formed into pellets with a laser incident angle
of 45° normal to the sample stage for both 800 nm and IR beam. SFG transmission was done for
fiber suspensions prepared by D20. For SFG measurements were done in ssp polarization
combination, the three-letter combination represents the polarization of SFG, 800 nm pulse, and
IR pulse, respectively.

The distribution of hydrodynamic diameter of citrus fibers in suspensions was analyzed
using a dynamic light scattering (DLS) system (Malvern Zetasizer NanoZS90). DLS measures the
size of regions that have refractive index different from the medium through autocorrelation of
scattered light intensity fluctuation. The average particle size obtained from DLS was close to
hydrodynamic diameter'®. The 2 wt.% solutions were diluted 10 times to reduce the concentration
of particles in solution and then filtered using 8 um mesh PVDF membrane from Millipore to
reduce polydispersity of samples. The particles above 8 um were filtered out so that the change in
the size distribution of particles smaller than 8 um could be monitored without interference from

larger particles.

Results and Discussion

Decrease in viscosity of rehydrated suspension compared to the ND suspension

The shear rate dependent viscosities of fibers in a rehydrated state (AD, VD, FBD & ND)
were measured in Figure 1. The viscosity profile is consistent with power-law behavior as evident
with a linear response on a log-log scaling. The viscosity of ND suspension was higher in all shear

rates compared to the rehydrated fiber suspensions. Among the rehydrated samples used in this



131 study, the lowest viscosity was observed with the FBD fiber. However, previous internal
132  experiments conducted by Cargill suggested higher viscosities of FBD compared to other drying
133 methods. Note that the viscosity of FBD suspension was highly dependent on its preparation
134 procedure; by changing drying process parameters, the viscosity can increase and get close to AD
135 and VD as shown in Figure SI. The AD and VD suspension had intermediate values between the
136 ND and FBD values. The rehydrated samples had viscosities lower than the ND suspension
137 regardless of the drying method. This implies that the fiber drying caused some irreversible (at
138 least, not easily reversible) changes in physical or chemical structures of fibers. From this
139  observation, the main focus ofthis study was to investigate the physical and/or chemical changes

140  ofcitrus fibers upon drying that can be correlated with the loss of viscosity upon rehydration.

141

L Shear rate (1/s)

143 Figure 1. Viscosity ofcitrus peel fiber suspensions (2 wt.%) measured at various shear rates from 10 s"l to
144 100 s"1.
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No discernable differences in chemical composition and crystallinity

ATR-IR spectroscopy was used to check chemical changes induced by drying. Cellulose,
hemicellulose, and pectin all have very strong and complicated absorption bands between 850 cm”
Uand 1200 cm™ 1517, So, it is practically impossible to differentiate and assign the bands in this
region to individual components” !®. The peak at 1160 cm™ is often attributed to the glycosidic C-
O stretch of crystalline cellulose; but in the presence of hemicellulose and pectin, such assignment
is not appropriate because the glycosidic C-O bonds of hemicellulose and pectin also show peaks
close to that region.® The crystalline cellulose I has a characteristic peak at 710 cm™, but its
intensity is usually weak!®>*!. The peak at 1740 cm is the C=O stretch mode characteristic of
pectin?*3. Overall, the spectra shown in Figure 2(a) were very similar. This indicated that the
drying methods had no impact on chemical composition of the citrus fiber. As expected, all

components present in the ND sample were preserved in the dried sample.
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159  Figure 2. (a) IR spectra and (b) x-ray diffractorgrams of dried fibers. In (b), sharp small peaks are due to
160  saltparticles in the sample. The inset to (b) shows the XRD data ofpectin isolated from citrus peels prepared
161 by Cargill Inc.
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Changes in the crystallinity of citrus fiber as a result of drying were investigated using
XRD. The diffractograms of AD, VD, and FBD samples are compared in Figure 2(b). All samples
exhibited two broad peaks at 20 of ~16° and 21.1°, and a relatively sharp peat at 34.5°. Typical
XRD data of cellulose IB have a large peak at 22.6° and two smaller peaks at 14.7° and 16.5°. %%
For the dried pectin, as shown in the inset of Figure 2(b), there are an extremely broad peak at 13°
and a relatively sharp peak at ~21°. Thus, the broad peak at 21.1° in the diffractograms of AD,
VD, and FBD samples must be the overlap of diffraction peaks from the residual pectin and
cellulose in the citrus peel fibers. The 2 0 0 diffraction peak of cellulose at 22.6° cannot be clearly
distinguished from the overlapped broad peak. The diffraction peak at 34.5° is the 0 0 4 diffraction
peak of crystalline cellulose. The sharp diffraction peaks observed in figure 2, can be assigned to
inorganic crystals in the citrus fiber samples. From the position of these diffraction peaks, it is
possible to originate them to crystalline calcium oxalate,?® which grows and remains incide plant
cells and may remain in citrus fibers after processing of citrus peels.

The relative intensity and shape of main peaks at ~16°, ~21°, and 34.5° in figure 2 remained
almost identical in the diffractograms of the AD, VD, and FBD samples. Thus, it can be said the
crystallinity of cellulose did not vary noticeably with the drying method however the crystallinity
and polymorphism could not be quantified from the broad measured diffractogram. So the
variation in viscosity of different drying methods was not related to the change crystallinity of
citrus fibers. The unchanged chemical composition and crystalline structure observed by IR, and
XRD, led to the conclusion that drying did not affect the nanoscale structure; therefore, the change

in mesoscale structure needed to be investigated.
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Changes in size distribution of fiber aggregates in aqueous suspension

The IR and XRD analysis results of the AD, VD, and FBD samples (Figure 2) did not show
any difference that can be correlated with the reduction of viscosity upon rehydration of those
samples compared to the ND suspension (Figure 1). Then, the rehydrated properties needed to be
examined. We analyzed the particle size distribution of the rehydrated fibers and ND using DLS.
The resulting particle size distrubtions were found to be very broad presumably due to the original
manufacturing process utilizing intensified mechanical shear forces. Previous studies on citrus
fibers found no direct correlation between the size distribution of larger particles >10 um and the
viscosity of fibers.? It is expected that in samples with similar volume fraction of particles, if the
colloidal particles have smaller hydrodynamic diameters they would have larger effective volume
which results in higher viscosities.?-?® Thus smaller particles would have large impacts on
viscosity of the suspension with hydrated fibers. For this reason, we diluted 2 wt.% suspension
solution to 0.2 wt.% and then filtered with an 8-micron cut-off PVDF membrane. Figure 3 shows

the particle size distribution of AD, VD, FBD, and ND suspensions in the filtered solutions.

12
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Figure 3. DLS profiles representing the particle size distribution ofhydrated citrus fibers. Particles larger
than 8§ pm were filtered out.

The ND suspension had one broad distribution of particle size centered at -270 nm with a
polydispersity of 0.5. However, the FED, AD, and VD suspensions showed bimodal distribution
bands - a small band at -100 nm and a much large band at -530 nm - with a polydispersity of(.7.
This is clear evidence that fibers in the re-hydrated suspension were aggregated. In DLS, the shape
of aggregates is considered to be spherical, so the particle is not the real size ofthe fibrils2. In any
rate, the data suggest that the rehydration process cannot fully (re)disperse the fibers that were
aggregated during the drying process. This change in the particle size distribution may be the main

cause for the reduction of'viscosity ofthe re-hydrated suspension compared to the ND suspension

13
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(Figure 3). Because there was no noticeable difference in IR (sensitive to chemical bond length
scale) and XRD (sensitive to the crystal unit cell scale) for the dried samples (Figure 2), the main
cause responsible for different particle size distribution is likely the physical structures in the larger
length scale. For this reason, we used SFG to analyze the structural order or packing of citrus fibers

over the meso-scale which is determined by the coherence length of the SFG process.!!?

Spectroscopic evidence for citrus peel fiber aggregation

Classically, in SFG analysis of cellulose, the CH and OH stretch vibration regions are
analyzed® % The CH stretch peaks are between 2800 cm™ and 3000 cm™, and the OH stretch
peaks are between 3200 cm™-3600 cm™. Details of the peaks observed in these regions are
summarized in Table 1. In SFG analysis, the CH region is more sensitive to total concentration of
crystalline domains only, while the OH peaks are sensitive to both mesoscale arrangement and
concentration of the crystalline domains. Thus, the OH/CH intensity ratio could be used to study
mesoscale packing of cellulose microfibrils'?, the bundling of crystals'!, and the orientation of
fibers'’. In addition, SFG can distinguish the OH functional groups exposed at the surface from
those in the bulk.?” The phase mismatch between three waves (IR, 800 nm, and sum frequency) in
nonlinear process makes SFG well suited to characterize the mesoscale packing of cellulose
(>10nm to 100 nm).

SFG analysis was done for fibers in dried and hydrated conditions. As a nonlinear
spectroscopy technique, SFG is sensitive to both concentrations of SFG-active compounds and
their mesoscale oarganiztion. As evident by similar behavior of XRD diffractograms among
samples in Figure 2(b) , any change in the SFG spectrum must originate from variations in the

mesoscale packing of cellulose fibers. Figure 4(a) shows the SFG spectra of citrus fibers in the dry

14



234 state. For this experiment, the citrus fiber powder was made into a pellet, and the SFG analysis

235  was done in reflection geometry.

236

237 Table 1. The peak assignment for CH and OH regions of cellulose SFG spectrum9. Reprinted

238 from Makarem et al.9, with permission from the Copyright Clearance Center. Copyright 2019,

239

Frequency
2850-2880 cm!
2944 crrr1,2968 cm(
3240 cm!
3270 cm{
3300-3330 cm!
3370 cm™

3410 cm™

3450 cm™

241

Springer Nature.

Assignment
Symmetric bond stretching of CH2
Asymmetric bond stretching of CH2
intrachain OH Stretching at 20-H---60 for cellulose la
intrachain OH Stretching at 20-H --60 for cellulose 1(3
OH Stretching of 20-H--60-H - 30-H - 50
intrachain OH Stretching at 30-H---50
intrachain OH Stretching at 60-H---30

Stretching of surface OH groups with weak hydrogen
bonding

15
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Figure 4. SFG spectra of citrus peel fibers in (a) the dehydrated state and (b) the suspension in D20. In
(a), the 2944 cm'l intensity was used as a reference for normalization; this was necessary because the
absolute intensities ofdried pellects could vary with the surface roughness ofthe sample. The ratio of OH
and CH band areas is shown for each sample in (b).

Figure 4(a) represents the SFG spectra for FED, AD, and VD in the dried state. First level
SFG analysis includes assessing typical crystalline cellulose 1(3 features- a strong and sharp peak
at 2944 cm"l assigned to the asymmetric stretch vibrations of the exocyclic CH2 groups coupled
with the axial CH groups and a broad peak at 3320 cm'l peak assigned to the collective stretch
vibrations of OH groups in the crystalline domain29'30. The shoulder peak at 3425 cm"l can be
attributed to weakly hydrogen-bonded OH groups that can be found at the surface of cellulose
microfibrils29' 31 as well as the OH groups in the physically strained region of cellulose
microfibrils.32 From the XRD analysis, we know that the citrus pectin can form the crystalline
phase during the dehydration (see inset of Figure 2(b)); the crystalline form ofisolated pectin can
give a broad SFG features centered at -2920 cm"| and a shoulder peak at 2980 cm"| with no peak

at OH stretch region (see Figure S2). Comparing the SFG spectra of'the isolated pectins and the

citrus peel fibers, it can be concluded that pectins in the citrus fibers did not form SFG-active
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crystalline forms. Their crystallization behavior may have been altered due to the presence of
cellulose and other components. 3334

The comparison of the SFG spectra of the FBD, VD, and AD fibers highlighted that the
OH/CH ratio was the largest for FBD sample and the smallest for AD sample. Previous studies
showed that the change in the OH/CH ratio of the cellulose SFG spectrum could be caused by the
change in inter-fibrillar distance. This was proved for unixaxially aligned cellulose microfibrils
without specific polarity.!? In that case, the OH/CH ratio increases as the distance between
crystalline domains increases. The largest OH/CH ratio for the FBD could mean that non-cellulosic
compounds such as pectin were well dispersed between the cellulose microfibrils, making
cellulose fibrils more loosely packed, compared to the AD and VD processes. It seems like the VD
process produced most densely packed fibers, giving the lowest OH/CH intensity ratio. But, this
packing difference in the dry state did not seem to directly correlate with the viscosity of the re-
hydrated suspension (see Figure 1).

Figure 4(b) shows the SFG spectra of AD, VD, FBD, and ND suspensions in the hydrated
state (2%wt in D20). The SFG experiment of hydrated fibers was done in transmission geometry.
By using transmission geometry, the signal to noise ratio can be improved because of the much
longer SFG coherence length in transmission geometry ( >10um). It is noted that the 3420 cm™
component was much smaller in the rehydrated state than in the dry state. In D20, the surface OH
groups of crystalline cellulose were fully exchanged to the OD groups #; thus, they cannot
contribute to the SFG intensity in this condition. Then, the weak 3420 cm™ component detected in
rehydrated state in D20 must originate from weakly hydrogen-bonded OH groups due to physical

strains (kinks and bends or fibers) inside the crystalline domains to which D20 didn’t have access.
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From Figure 4(b), it can be seen that the OH/CH ratio was the highest for the ND
suspension. This high OH/CH ratio meant that the cellulose fibrils were well separated, which is
consistent with the absence of aggregates in the DLS analysis for this sample (Figure 3). For the
AD, VD, and FBD samples, the OH/CH intensity ratios in the rehydrated state (Figure 4b) were
different from those in the dry state (Figure 4a). As an example, the OH/CH ratio for FBD in dry
state was 1.31 and as it became hydrated it reduced to 1.01, on the contrary, the OH/CH ratio for
VD in dry state was 0.62 and when hydrated it increased to 1.04. implying that the cellulose fibril
packing in the dry state probed with SFG did not necessarily reflect the degree of dispersion after
the rehydration.

In Figure 5, the viscosities and the OH/CH SFG ratios of the 2wt.% suspensions are plotted
with respect to the average particle size determined from DLS. It can be seen that both viscosity
and OH/CH SFG ratio decreased as the average particle size in the suspension increased. This
result suggests that the viscosity of the citrus peel fiber solution was highly dependent on the
degree of cellulose fibril aggregations. The quantitative relationship with the average particle size
was different for the viscosity and the OH/CH SFG ratio because each characterization method
measures different properties at different length scales.

The differences in the slopes observed at figure 5, can be rooted to the differences between
the techniques used in this experiment. As previously mentioned, the SFG signal is sensitive to the
concentration and packing of fibers.® 1! Because SFG is a nonlinear spectroscopy technique the
changes in concentration or packing doesn’t linearly correlate with the signal intensity. Also, the
distance between fibers!? and the way an individual microfibril is oriented with respect to its
neighboring microfibrils can greatly affect the peak intensity and shape in both CH and OH stretch

region. On the other hand, viscosity measurement is a macroscopic characterization technique and

18
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it is independent of localized changes in orientation of microfibrils. Because of these inherent

differences in these two techniques, although the OH/CH and viscosity measurements show similar

trend their slopes are different, as observed in figure 5.
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Figure 5. The correlation between average particle size, OH/CH ratio in SFG spectra, and viscosity at 10
1/s are illustrated here. The OH/CH ratio appears to decrease as the average particle size increases. The
viscosity of fiber suspensions shows a monotonic decrease by increasing the average particle size. Both

SFG and Viscosity show similar trend regarding the change in aggregates size.
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Conclusion

This study investigated changes in nano- and meso-scale structures of citrus fiber fibers
before (ND) and after drying in different conditions (AD, VD, and FBD). The ATR-IR and XRD
showed no change in chemical composition or crystallinity in dehydrated fibers. By comparing the
size distribution of rehydrated fibers (VD, AD, and FBD) with ND, it was found that there was a
shift in size distribution toward larger particles in the suspensions of dehydrated fibers. Comparing
SFG spectra of ND and rehydrated fibers indicated that the packing of fibers was seperated more
greatly when they were initially hydrated, while the packing of re-hydrated fibers became denser.
This study found that the viscosity of fiber suspension correlated with the mesoscale aggregation
of fibers and particle size distribution. Since the factors which govern the irreversible aggregation
of fibers could not be determined in this study, further studies are needed to better understand the

key parameters controlling the redispersion of citrus fibers.
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335 Supporting information

336 Figure S1; viscosity versus shear rate for citrus fiber suspensions prepared in two different
337  fluidized-bed drying condition. Figure S2; the IR spectra of pectin in different degrees of
338  demethylsterification.
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